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EXPERIMENTAL INVESTIGATION OP IMPACT IN LANDING ON WATER* 

By R. L. ICrops 



The extent of agreement of the theoretical impact 
computations with the actual phenomenon has not as yet 
iDeen fully clarified. There is on the one hand a certain 
imperfection in the theory (simplifying assumptions made) 
and on the other an insufficiency in the experimental data 
availalile. The ohject of our present paper is to show 
how far test results agree with the available approximate 
computation methods^ to investigate in greater detail the 
physical nature of impact on water, and to perfect the 
exper irxiental method of studying the phenomenon* 

It is shown that the vertical immersion of a freely 
falling T30dy of a given shape is determined by the nondi- 

mensional parameters v = M 

a characteristic dimension; g the acceleration of grav- 
ity; Yq the velocity of the "body at impact; m, the 
associated mass; M, the mass of the falling hody). For 
a sharply defined impact having the weight of the hody 
equal to the aerodynamic force, as is the case in the 
landing of seaplanes, the impact phenomenon may be deter- 
mined by only the nondimensional parameter p«« 

For the analysis of the obtained experimental results 
the fundamental impact computation formulas are given* 
The exx^cr imont al procedure is described and the accuracy 
attained indicated. The tests were conducted on a number 
of different shapes: a disk, a disk with aperture, a 
wedge or V shape, and a v/edge with slots. The results 
of all these tests shov/ed a deviation of the test curves 
of the ratio of velocities before and after impact from 
the corresponding theoretical results computed by the 
formulas of Wagner* The reasons for these deviations is 
explained by the failure to take into account in the 
equation of motion of the body during impact of the weight 
of the body and the resistance of the water. 
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T^ie tests on the V shapes indicated a considera'ble 

decrease in the discontinuous velocity change during 
impact with increasing v/edge angle* 

Prom the theoretical investigations it follows that 
the presence of even a small slot on the surface of the 
body sharply reduces the magnitude of the associated mass 
on impact* The dropping tests conducted on a slotted T 
shape aiul on a disk v;ith aperture did not shov/ for these 
"bodies any corresponding decrease in the imp>act velocity 
chan,':;e. The experimental determination, however, of the 
associated mass of the various hodies with openings gave i 
in comr0.ete agreement v/ith theory, a considera'ble decrease 
in the associated mass of these "bodies as compared with 
simils.r "bodies \^ithout openings* An analysis of these 
facts is given v/hioh leads to the conclusions that in a 
numcor of cases the discontinuous velocity change on 
impact is not with sufficient accuracy determined "by the 

V 1 

usvially acceT)ted formula — = « It may he assumed 

Vo 1 + n 

that hy taking into account the resistance of the water 
the agreement of the experimental results with the theory 
would he considerably improved. 

IEFTIlOi3UCTIOK 



The problem of the vertical landing of a rigid body 
on a heavy incompressible liquid is of interest from the 
point of vievf of a number of practical applications. The 
mathematical solution of this. problem (on the assumption 
of the nonturbulent character of the resulting motion) 
reduces to that of finding a velocity potential cp^ 
v;hich satisfies the Laplace enuation Acp^ = 0 for the 
following boundary conditions: 

On the free surface: 

- P ^ - I P w,- - Y = D (1) 

where 

p is the density 

Wi the velocity of the liquid on the free surface 
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Alon^' the v;etted area of the "body: 



(2) 



v/here T 



ni 



is the projection on the inner normal to the 



surface of the hody of the velocity of immersion. 



At infinity: 



(3) 



To obtain the lav of motion, it is necessary to 
integrate the equation (the body is assumed to. have a 
translat ional downv/ard motion) 



M 



1 "dt" = - J (Pi - Po 



)dS 



X 



(4) 



where 

is the mass of the immersed "body 

velocity of the immersed hody 

Pi " Po excess pressure on the surface of .the hody 

dS^ projection of an element of the v/otted siirface on 
hor izontal plane 

and to find all the magnitudes of interest (forces, veloc- 
ities, pressures, etc,). Because of the existence of a 
numher of mathematical difficulties, however, this prohlem 
has not received an exact solution* These difficulties 
are duo chiefly to the unsteady character of the motion of 
the fluid v;hen the body is immersed, the nonlinearity of 
the conditions on the free sxirfacc, and also the presence 
of flow phenomena and spray formation leading to discon- 
tinuous motions. The impossibility of solution of the 
complete problem of the immersion of a body makes it neces- 
sary to consider individual approximate cases. 

The simplest scheme to consider is that of the impact 
of a rigid body on the surface of water (reference 2). 
Impact represents, as is known, a limitiUjO- case of motion 
vfith instantaneous change in velocity (velocity discon— 
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tinuity), Thus 'from the physical point of viovr the sub- 
stituting of the immersion process "by impact and hence hy 
a velocity discontinuity in place of a velocity change 
loads from the mathematical point of view, to a simplifi- 
cation of the conditions on the free surface and there- 
fore t.o a. simplification- in the determination of the 
velocity potential cp;^. Thus, since the pressure on the 
free surface is finite, the impulsive pressure (p^ ) 
alon.f^' this surface is equal to zero ; " ^ 

p^^ = lim J pidt = -pcpi = 0 (5) 

0 

and for the determination of the velocity potential 
in the limiting case of impact the following "boundary 
conditions obtain; 

On the free surface: co^ = o 

On the surface of the body: ^—i = 

In the solution of the problem of impact of a float- 
ing body as also in general in the mathematical investiga- 
tion of the phenomenon of impact itself, the infinitely 
largo forces arc naturally replaced by impulses (references 
3 and 4) . 

Prom considerations of the impact phenomenon of a 
floating body an approximate solution of the problem of a 
continuous nons ta ti onary motion during immersion of a body 
in a liquid was first obtained by Wagner (references 5 and 
5), As a basis of this solution it is assumed that for 
very sudden . immersion of the body the motion of the liquid 
at each given instant ♦of time may be considered similar 
to that arising from the impact of the corresponding float- 
ing b^ody. fagncr , ■ moreover , takes into consideration the 
fact that in computing the forces acting on the immersed 
body it is necessary to take into account the increase in 
the wetted area of the body due to the motion of the fluid. 
This is done by the introduction of a function giving the 
ratio of th,c velocity of immersion to the rate of increase 
of the wetted aroa. The value of this function depends 
essentially on the shape of the immersed body, 

For tnc solution of the problem of immersion of a 
wodfc-shapo body with small keel angle (a shape which is of 
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int^rpst for spaplan^^'s) Wagner assumes that at each given 
instant of time the flov arising from the immersion of the 
hody will be identical with the flow due to the impact of 
a fiat Plate of v/idth equal to the wetted width of the 
tody under consideration. 

Hote that all present methods of computing the land- 
ing of seaplanes on water are entirely "based on the ideas 
•brought33ut in the theory of Wagner (reference 7). Th« 
■correspondence of the theoretical computations with the 
real phenomena of impact are not as yet entirely clear, 
sinc^ on -tho one hand there is a certain imperfection in 
the theory (simplifying assumptions mad<> ) and on the oth^r 
hand the experimental data available at the ^^r^sent time 
do not permit of drawing the req.uired f inal c onclus i ons . 
At the spme time the substitution of theoretical impact 
comnutations for exDer iment al investigations appears very 
attractive. In par t i cular . i t is essentially possible to 
compute the impact of the sch-matized contours of the 
step portions of floats. Gen-rally, th*- results of towing 
t-sts on invPBtigated sections are made the basis of the 
choice of contours. The results of these tests on the 
hvdrodynamlc qualities of th^ section give no indication, 
how^-ver , of its "impactf" pr oporties . The possibility of 
suppl'^m'-nting the towing tests by an analysis of th^ s'-c- 
tions from the impact point of vi-^w would facilitate the 
problr-m of a rational choice of the shapes of huls and 
floats. 

As has elready be^^n pointed out, together with the 
theoretical investigations of the problem of the imm.-rsion 
of rigid bodies in an incompressible liquid, experimental 
work has been carried out in determining the forces acting 
on tho impact. A large part of all these impact tests is 
devoted to full scale investigation of the airplane, in 
particular, to th" study of the loads, deformations and 
pressures (r'-ferences 8 to 17). 

These t.-Bts havn be^n occasioned by the urgent require- 
ments of practice, but provide no estimate of th.-- ^^egrep of 
accuracy of the theory becaus'- of the presence of a large 
number of factors that complicate the ph«nomnnon (elasticity 
of th" structure, three-dimensional character cf tho phe- 
nomenon, wave formation on the wat«r surface, landing condi- 
tions, etc.). Spr-cial laboratory investigations suitable 
f '.r c^mi-^erison with the theory are frw in number. Of these 
may be mentioned the work of A. Puvitsky (reference 18) at 
CAHI and of VJatanabe (referpnce 19) in Japan. 
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A vnry int pro sting pictur*^ may to obtainod of th*=^ fall 
of a body on w^^t'^r and th^ resulting motion of th« liquid 
undor laboratory conditions with thr- aid of a high— sp^^^^d 
movir cam^-ra. At th--^ Ganm tim^^, a Quantitativo pr « s f> nt at i on , 
togoth^r v/ith thr. puroly qualitativp picture of th.-^ ph^nom— 
-^non^ is obttiin^d of thn interval of immersion up to th'^ 
^dgr^s of th^ "bod;7, Th^ high-sppf?d picture obtained in 1937 
at CAHI (rofr.r^nc<^ 18) of thn dropping on watpr of various 
b.>di^s (w^dg^-^, disk) showed that th^ Inngth of th^^ immnr- 
sion interval of thos'^ bodi^^s is v^ry small and, in certain 
caS'-^s, is giv^n in thousandths of a second (th*^ duration 
of thn impact d^^p'^nds on th^^ wnight and thf^ initial V'-^loc— 
ity as w^ll as on th*^ shepr* of thp body). Thp data thus 
obtain^^d indicft^^ that it is f undam^nt a 1 ly pnrmissiblr^ to 
regard th^ iiara^rsion of thp bodl-^s as an almost instantan-^ — 
ous prv:.c^ss. With thf^ aid of thf^, photographs h'^ro shuwn 
(figs. 1 and 2) thp succps s ivn s t pps in th'^ imii]*=^rs i on of 
t hp s p b J d i p 3 c an b r- f 0 1 1 o w p d . 

Thp obj-^ct of thp pr-^spnt pap'^-r is to clarify thp cor — 
rpspondpncp of thp tpst results with thusp of thp availablp 
computational }n<=»thods and also to pprfpct tho pxpprimpntal 
iHpthods for studying th-=^ impact of a body on watpr. 

^qUATICl^IS OF IMPACT OF ^^atER X^^B BASIC COilPUTAT lOlTAL PGHivIULAS 



Thp pxact pquation (in nondimpns i unal form) frpp fall 
of a rigid body on thp surface of watpr v/ill bp givpn, Thp 
givpn charact pr is t ic magnitudns arn tho volocity of fall of 
th'- body at th'^ initial instant jf immprsion V,^ , thp width 
uf thn body B, and thp density of thp liquid p. Thp 
nond im^ns i onal raagnitudps will bp intr^ducpd with thp aid 
of thp formulas (rrfprpnc^ 20) 



B 



Xi = Bx; yi = By; t = T ; cp. = V^B9 



M, = pB^M; p, - p^ = pV„ p; = V^V 



(6) 



Th'^ boundary conditions (l) and (2) assump thp form 



1 ^2 - V y = 0 

2 ^^T 



(7) 
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on ^ 

wh^ro i> , pqual to gS/V,^^, is th^ mciprocal of tho 
Fro\id<^ number. 

Thp (Equation of motion of thn immp^rspd "body in non- 
diinr»ns i onal form "b^comps 

lil = - P (9) 
dT 

r 



P = _____ / (p, - pJdS 

'J 
s 



2 ; Vi^l - i'o^^^X 
'J 



Thr^ nondim^^ns i onal magnitudo P d^ppnds on V = gS/V.^ 
and V(t) - that is . 

P = Prv(T) , v] 

Thus 

l4X = Kv ^ P[V(T) , (10) 
dt 

From equation (lO) and conditions (7) and (8) d^^fining 
tho motion of tho liquid, it follows that in th^ fall of a 
rigid body on watr>r th/^ motion of th'^ wat^r and of thp body 
is characterized by th^ two constants: 

gB 'A. 
V = r=~ (mciprocal of Froud^'s number) and H = 

V^2 pB 

(mass co'^f f ici^^nt ) • H^nc-'^ thp immprsion of gp omp tr ically 
similar bodies will bp dynamically similar if thp condition 
of constancy of thp numbers v and M is satisfipd. For 
thp impact phpnompnon, which is char ac t pt i z p d by a rapid 
changp in vplocity, thp accp l^^r at i ons of th*^ body and of 
th-^ watpr particles will bp very large. In this casp it is 
pprmissible to neglect also the wpight, and for dynamic 
similarity it is sufficipnt to satisfy thp constancy of thp 
mass c o^^^f f ic lent , 

In the landing of a spaplanp on watpr the weight of 
the lattpr balances thp a^^-r odynamic lift forcp of the wings, 
but th« weight of thp watpr does not psspntially affpct 
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thp disturbr^d motion of thp watpr "bf^^cause uf th<^ small 
d'^pth of immp^rsion and thn di splacnmr^nt of thr^ liq^uid par- 
ticles. For this mason, it is permissible in the given 
case to consider the immersion phenomenon as determined 
only by the mass coefficient. In those cases where the 
effect of the number v is negligit^ly small, the follow- 
ing conclusion is justified: Thp express ion s of all non- 
j:li!!f-j]::g.iiijj:ilj:_glg:^g:^ ^/^^^ ^ associatpd with impact o n wat er as 

functions of the n ondimens iona l time r ma.y co ntain as 

parameter only the mass coefficient^ . In particular, all 
asymptotic values of the nondimens i onal magnitudes depend 
only on the mass coefficient M, and not on the Froud<^ 
number, and therpfore also on the initial sinking velocity 
V^. This theoretical conclusion is confirmed by tests 
the results of which will bp presented in what follows. 

In the application to a v«ry suddpn nons t at i onar y 
immersion the rnoction of the water at pach time instant 
may be assumed as given by (refarence 5) 

i- uv) • (11) 



wher e 



V velocity of body 
m associated mass 

(The magnitudes are here dimensional.) 

If the associated mass during the immersion of the 
body is at each instant pssuiaed equal to the associated 
mass for the wetted portion of the body, then considering 
only the reaction of the watpr, the equation may be written 

dV d 

M — = - _ (mV) (12) 
dt dt 



whence 



V = — ^ (13) 
1 + p. 



wh^re 



^0 



initial velocity 
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- — ^ nondici-ns i onal- c opf f ic ip nt of which th^ valu'^^ 
M for a chc?.ract -^r is t ic immprsion may "bp tak^^n 

as a basic paran^tpr instoad of th^ mass co^f— 
f ici^nt 



Thp dynamic character of thp phpnompnon is partly 
tak^^n into account considering thp tru^ w^ttod area which 
is incrnas^-^d by thf^. motion of th^ displaced liquid. 

F.or tho casp of a V-shap*^ body of vpry small V anglp 
thp associatf^d mass is tak^n oqual to th*^ a.ssociated mass 
of a flat platp (rpf^r^^ncp 3) 



Tl 



P C^l 



(14) 



This pxpr^ssion may, h^wpv^r , bp madp soiu-v^hcit morp accu— 
ratp, Sincp und^^r rpal conditions a body ox dpfinit^^ V 
anglp and finitp 1 p u'g t h~t o-w i dt h ratio is bping dpalt with, 
.s npcessary to introducn a corrpction for thp V angl^ 
and finitp asppot ratio (tg)* ^^^'^ first of thpsn is 
baspd on th^ pxact solution of thp problem of impact of a 
V shapp (vnf f^T f^ncR 2): 



it ii 



\2 



-> 

TT / 



wy 



- 1 



(15) 



whpr p 



r(x) "^uler function 

For small V anglps this corrPCtion uay be written in 
a morp simple form: 

tl = 1 - - (16) 

TT 

Th^ correction for finite asppct ratio obtainpd 
by Pabst as a rpsult of analysis -"f nxpprimpntal data ob- 
tainpd in tpsts on a flat platp is (r pf «r ^^nc-- 20) 

i^i^) = U - 0.425 ~— (17) 
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For small values of ^ = — < 0.7, thr- correction "bpcomos 

I ^ 

U = 1 - I ^ (18) 

Thp final formula for thr associated inass ^^f a V shap^^ is 
t hus 

m = ^ pB^UJs (19) 

whnrp B = 2c, the pntirn width of thp "body. 

It may "bp shown that for two dinipnsional symmn tr i cal 
bodies of slightly curved kf^pl th^ d(=^r i vat i vr» of th^ irn— 
ranrsr-d dopth with r^sp^ct to th-^ w^tt^d half width is con— 
noct'-^d v;ith th.-^ shap^ of t h^ body by th^ int^»gral relation 

X 

/u (c ) dc 
(20) 

Whr^rn 

dh 

u(c) = ~ 
dc 

c w^ttod half— width 
h dppth of imnprsion 

y(x) equation of cr os s— s ^c t i on of liody 

For y(x) = x tan 0 (straight k^e led li ot t ora ) u(c) = 
2 

— tan P = co»nstant — that is, b^causp of the motion of the 

TT ^ 

v/ater th^ w^ttod surface of the wedgp lipcomes ^ times as 

large. To the increased wetted width uf the wedge there 

TT 

corrpsponds th^ dppth = h (fig. 3). Tor thp intprval 

of irampr s i on in impact 

t c 



t = ^ / (1 + n)dt = ~ f (1 + ki)udc 



(21) 
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For a wdgf 



t = A. (i + i ^^, (22) 



If it is assuia^d that irx th'^ iiniiiprsion uf a. w^dgn 
up to its gf^jmptric b oundar i s > it is also actod upon 
by th*"- r'^sistancp forc^ of th^ i/atr>r kV^ 

. = |a ps 

Cjj rpsistanc^ c o^^f f iciont 
p density, ^^-i^^l 

ill 

S wntt^d ar^a 

thrv nq^uatioh of Hutiun assuuos th^- form 

~ [(1 -H H)V] = - n (23) 

and thr> velocity 

V = (24) 

(1 + V.)'^^ 

2 Cd tan P 
5 = „ 

Thus, in taking int^ account th^ rosistanc^ -^"p SV ^ 

thn result -is f^raula (24) instr:'ad jf f;.rmula (13), If 

it is as^Uhv^d that Ct) = 1,28 for a b^dy with suall 7 

angln (this valur c jrr<^ spends to data of a^^^r ody nawic t^^ste); 
thnn = 0. 815 tan P • 
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IMPACT 



TSST PROCEDURE 



Measure me nt Accuracy 



The iupact tosts wr;re based on the pr:^cerlure worked 
:jut ^:^arlier at thn CAHI (referf^nce 21), which consists 
- s s n t i ally of finr^ing th-^ discontinuous velocity change 
^-Tirin^- irnppct. Acc:^rdine to formula (13) f ^r the ratio 
of the v'-locities bef.re and pfter thp inipact V/Vq 



Thn direct test pr'jcer?ure with our laodif ics t i ons may 
be d^^scribed as follows: 

On the object test-^r"(for example, a wedge (fi^p;. 4)) a 
vertical support is n;ounte;T to which in turn are attached 
at certain intervals two electric laaps fed by a 24~volt 
storage battery. The test cbj.-ct is suspended by a string 
or thin rope over pulleys to a beara located on the surface 
of th-^ weter. An adritijnal r ^pe is attached, serving to 
raise ancl fix the body at the ^iiven height. In a^^'dition 
t^ chocking; thp vertical position of thn body above the 
horizontal wat^r surffice, a.c^rnful control is required of 
the horiz.ntr,! position '.f the b^^dy as a whsle. This 
ch'^ck is iiade with th*^ ain :f two levels situated on the 
upppr surface jf the body» 

In carrying; out thp tests a 2~ by 3— by l-iaeter tank 
was employed thp superstructure of which permitted raising 
th^^ t^^sted object to a hei^rht of 2.25 meters. The body 
was releas-d by cuttin£: the suspension ropes. The motion 
of th^-^ f^llint^ body - that is, of th^ li^ht sources - v/as 
filmpd by a photographic caiaera having in front of its 
objective a slotted disk rotated by an elpctric not .r . 
Th- rotating disk gave a series of sh^rt strokes on the 
fil:ii f jr the motion of the light source instead :f a con- 
tinuous line. (See fig. 5.) Fr^n the lengths of these 
strokes and the distance bntween thern the falling velocity 
of thr- body for various instants of tiiae could be easily 
de t'^r limine d as follows: 




1 + jx 



1 



wh<^r e 



M- = - 

M 



Knowing the spped of the rotating disk (the rotational 
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sp-^^-d of thp mot.>r is fix^d with tho aid -^f an attach'^d 
tachor.ptrr) and th'^ nur/ibpr uf slots in thp disk,thp tin»=^ 
int'^rval can *bo f ound b^tv/^r^n th^* r<»cording two sue— 
cr'Ssivp str^kff^s, Thp paths travnrs^^d "by thp light 80urc<^s 
can also pasily dotpr^in^d by npasurpinpnt on thp film 
u»f th-'^ distance bptwppn thr strokes with a subspqupnt 
r^^duction of thpsp iiiagnitndps to thp tru^ valups of tho 
dist ancps f allpn by thp body, Thp Ipngths on thp filri am 
L'ipasurpd with thp aid of a sppcisl rpading comparator giv- 
ing a nagnif icat i on uf 10 tir/ins. Sincp th^ nogativo has 
thp tracps of two laaplight sourcps, by finding th'^ dis — 
tancp b-^^twppn th'* lattpr and knowing thp trup position of 
th^ laiups on thp body, thp upasurp is obtain-^d for thp 
full — scal<^ coiiiput at i on of thp data obtainpd on thp film. 
Froa thp photographs obtainpd, thp distancps and falling 
vplocitips of thp body can bp do t prminpd • • 

La ' 
V =: DPtprs ppr 6'=»cond (25) 

I A t 

whpr p 

I distancp b^twppn lamps on photograph 
L actual dista<.ncp bptwppn laii^ps 

a distancp trav^rsnd by light sourcp in a givpn time 
intprval (on thp film) 

At tiup intprval rpading 

V trup vplocity of iiiotion of b^^dy 

Each objpct with dpf initp load is tpstpd for various 
dropping hpights —that is, for various initial impact 
vplocitips V^, . Fur coLiputing thp ratio of velocitips 
bpf&r^ and aftpr iapact V/V^ a diagrara is constructpd 
of thp falling vpiocitips of thp body for oach interval 
of tiup At. Bpcausp of thp smallnpss of this int(=irval 
thprp arp usually constructed not"" thp ins tant anp ous vploc- 
itips as a function of thp tirap but thp distancps travprspd 
by thp body in thpsp tine intprvals and the vplocity ratio 
V/Vq is cDDiputpd as thp distance ratio a/a beforp and 
after impact for the samp tiran intprval At. From thp 
analysis of on^ fila rpcord, a sprips of incrpasing 
valups uf a are obtainpd c orr psponding to thp incrpase 
in th*=> vplocity of .the body falling in air; thpn a few 
valups of a corrpsponding to certain mean valups of thp 
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velocity at th- instant iL:pact; and finally a sprips 
jf valups of a corr^-sponding to thn velocity of iwrnnr— 
sion with siaall acc^^ 1^-^r at i on (figt 6), 

To dptprninp th*-^ V'^locitips dirpctly bpforr and aftor 
iupact, thp procnduro is as follows. Two straight lin^s 
arp drawn bptwppn thp points c orr ^ sp jnding to th^ motion 
of th«^ body in th^ air and thp points c or r osp^nding to thp 
slow iiiiiiiprs i on in wat«r and through tthp i nt or lap d iat p paints 
a linp is drawn intprs^cting th^ first two linps. Thp 
points of intprspction thus j"btainpd dptpriuinp (with a 
cprtain degree of appr oxiaat i on ) the req^uirpd vplocitips 
V and V^. It is quitp clpar that thp snallpr thp cut- 
off tiiap intprval th^ laorp accuratply it is possihlp to 
establish thp bpginning and th^ pnd thp impact, and 
hpncr- thp vplocity ratio V/V,^, 

Computing th^^ duration of th'^ iripact by thp fornula 

Shg / gniN , ^ 

t = — - ( 1 4- ] (26) 

ttv V 3& y 



(wh^rn G is thp weight ^jf th<^^ yfjn&gp in kg) f jr th^ w^dgp 
with angl*^ 5^40* f jr vr.lups .f u froru 4*66 to 2.33 and 
initial vpl'jcitips fr...i.. r5 tu 5 in^tors ppr spcond, thp 

duratijn of., thp iiopact was ^btain^d as 0.003 to 0,006 spc- 
jnd. As may bp s^-^n frou forivmla (26) th^ t im^ t dp- 
croasps with incr-asp in tli^ wpight G and thp initial 
vpl-city V.-j. An attp.:;pt v/as -adp thprpfsjrp to obtain rpc— 
.rds of thp distancp trav^rspd by thp body in tiinp Intpr- 
vals cunsidprably Ipss than th^sp indicat.^d. In '^ur pxppr — 
ir.ipnts thp cut — off tiup intprval v/as pqual to 0.00166 spc— 
..nd (in suhp tpsts it pxt^ndf^d to 0,006 sec). Thp liinit- 
Ing sizp -f th^-^ timr intprval is giv^n by thp distancp that 
it is possible tu spparatp thp saall strokos c orr p sp ond ing 
t -J th^ ::ijti-^n of th- la.cps on thp ph-jt ^graphic film. To 
incroasp thp scal^ .jf th^ str^kps and th^-^ intprvals bptwpon 
thpiri, it was npc^^csary to usp ph -t ogr aphic apparatus of 
dimensions 40 by 50 cpnt i:.ip t pts . A furthpr dpcrpasp in 
thp c u t — 0 f f t i i.; p interval r ^ q u i r s t h --^ d p v p 1 u p in p n t of s p p — 
cial apparatus for rpc^rding thp motion of thp falling 
b ^dy . 

In Concluding th'-- dpscription of thp ^ xp'^r iivipnt al 
pruc^durp for th^ impact pxppriupnts, thp qupsti^n of th^ 
a.ccuracy in th^-^ vplocity d^^ t pt rn i na t i j n v/ill bp c^nsidprpd* 
Thp prrors arp thos*^ inv^lvpd in filiUing thp falling body 
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and reading th<^ rnc^rds. Thr> first dpp^=»nds PB^pntially 
on thp unif:.rMity rotation of the carri'^^ra disk: in 
othnr words, on tho (^quality of th^ t inp intprvals 'bp- 
twr^^^n.thp passage of two nr^ight^ring slits of thf^ disk 
in front of thf> jId j-^-c t ivn . Th^ calibration of th^ film 
rpcord "indicates that thn orror du^^ to th^ nuniinif or mi ty 
of thi^ disk rotation dops n^:>t oxco.f^d. 0,5 pprc'='nt. 

Th« accuracy in thp c ^^laput at i on of thp velocity 
changf= rnay in turn dr»ppnd on tw^ factors: naranly, on thf^ 
accuracy of thn m^^asur pu<^nt ^f th^ lengths of thp strokps 
un tho filiTi and on thp accuracy of drawing thp linps on 
thp vol-^-city diagram, psppcially thp intprspcting straight 
linp. Thp accuracy of mpasurpinpnt of thp Ipngths dpppnds 
c.n thp accuracy In rpading thp comparator apparatus and 
on th*^ pprsonal prrors ^f thp pxppriiapnt pr . 

Thp accuracy possible with thp coaparator uspd was 
pqual to 0.001 ua. Thp pprsonal prrors arp dup mainly to 
thp difficulty in dp t ^r fining thp start of thp stroke on 
account of thp "blurring of t^hp pdgps. 

Thp bpst iripthod f ^r pstiuating thp subjpctivp prrors 
is a SPCv^nd reading of thn saup film rpcord. According 
to chpck rpadings thp dpviation in iiiagnitudp of a nipasurpd 
Ipngth dops not pxcppd 3 pprcpnt , hut usually it fluctu- 
ates within thp limits of 0,5 to 1 pprcpnt. 

Thp prrors in thp dp t pr ainat i on of Vq and V will 
now bp considPTpd. The aaxiaum prror in thp dpt pr ninat i on 
of thp instant of start of impact (i»p., the point of in- 
tprspction of the upppr straight line with the spcant) 
cannot bp greater than thp tiap interval At. Since up to 
thp instant of iapact^ thp motion, roughly sppaking, is 
that of a frpply falling body (V^ = V* gt, where V* 
is thp initial vplocity), if thp laean value uf thp interval 
At 0.003 spcond, it is found that for thp tiap interval 
1/2 At = 0.0015 second thp body devplops the additional 
velocity AV = 9.81 X 0.0015 = 0.015 rapter per second. 
This absolutp '^rror dues n^t depend on the valup ^f the 
initial velocity. If it is r eineiiiber ed that in the tests 
thp vplocity beforp i^ipact varipd within the rangp of 

0.8 to 8 meters per second, thp values of thp inaxiraum rela- 
tive- prror is found to lie within the liuits 2 to 0.2 per- 
cent. 

This computation of thp errors again confirms what 
has bepn stated above — namply, that with decrease in the 
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cut — off irftorval th^r*^ is an incroasp in thf^ accuracy of 
df^t AT minat i on of th^ v>ljcity chango in iiapact, Th(=^ prrjr 
in cu:.iputing th^^ vr>lucity aft^^r irripact V — that is, thp 
location uf tho points of intersection with th*^ low^>r 
straight lin^^ - is v^ry sr/iall (of t h^ urd^^r of 0,5 percent) 
sincf^ at th^ start of th«-» iruirmrsion with siuall acc^^l^ra— 
tion thn velocity of thn tody changes vr»ry slowly (the 
straight lin^^ is vr>ry slightly inclined from thn horizon- 
tal), 

rl^^suming thp abovp discussion with regard to thr^ 
accuracy in th--^ df>t ^r lainat iun of thp volucity ratio V/v^, 
it may statpd that the method dpscribed assured an accu- 
racy within the limits of 1,5 to 4,0 percent. 



T^STS WITH THE DISK 



One of the objects selected in the investigation of 
the impact phenomena for a "body dropped on water was a 
disk, the latter being a shape for which an accurate the- 
oretically computed expression for the associater? mass 
(m = 4/3 X p r^, where r is the disk radius (reference 
'3)) is available. Thf* disk was of aluminum and had a 
diameter D = 0.5 meter and thickness h = 7 millimeters. 
The t*=sts were conducted for two weights of the disk (dif- 
ferent loadings per unit area) G = 8.1 kilograms (\i = 
1.33) and & = 15.66 kilcgrairis {[x = 2.56) within the range 
of initial velocities from 1.25 to 7.25 meters per 

second. 

From the test results it appeared that the test curves 
obtained for thp velocity ratio V/Vq for the disk do not 
coincide with thp corresponding curves computed by the for- 
mula 

^ 1 

^0 1 + ^ 

the test values of ^^V^^o» '^P ^ certain value of V^- 
being greater tha.n the theoretical (fig» 7). 

For the disk under consideration for & =s 8.1 kilo- 
grams, the computed velocity ratio = 0.281 and for 

v ^0 
G ^ 15.66 kilograms- ^ 0.429: The experimental values 



ITACA Tpchnical Memorandum No. 1046 



17 



for thp first weight changp from -p- = 0.345 to = 

0.24 and for thp second weight frem — = 0.51 to 

V ^0 
— = 0.34. 

As may "b se'^^n from thp above figures, the differ- 
ence "between experiment and computation shows up particu- 
larly sharply for the larger weight of thp disk. Thus, 
judging "by th^ t^st results, it may "be concluded (in 
correspondence with theoretical investigations (spe sec- 
tion 2)) that thp velocity ratio V/V^ for small initial 
V'=^locity and large weight depends on thp initial vplocity 
of impact Y as well as on the mass of the "body. Accord- 
ing to thp theory of Wagner, however, the vplocity ratio 
V/Vq dops not deppnd on thp initial velocity. 

In the equation of motion (leading to formula (13)) 

dV d / \ 

of thp falling hody, H — = (in7) , no account is 

d t d t 

taken either of the effect of the weight of thp h&dy (Mg) 
or of thp resistance of thp water during the immersion 
which may "be takpn approximately proportional to thp square 
cf thp vplocity kV^ nor of thp pffpct of the hydrostatic 
prpssurp of the wf^ter YSh. Thpse magnitudes, in particu- 
lar, thp first two, have an pffnct on the vplocity change* 
dur ing impact . 

Thp approximatp equation of motion of the "body with 
the abovp forces tak^n into account is 



d U + nil = Hg _ icV^ - "YSh (27) 
dt 

whorp Cj^ 

k = — pS 
2 

Cj) rpsistancp copff ici^nt 

S wettod aroa 

p dpnsity of liquid 



h depth of immersion 
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With th.^ aid of f^quation (2?) thp results of th^ 
trusts on thr- disk ar ^- analyzed and also thn reasons for 
th'^ divorgr^ncr* br^tw^nn th^-^ <^-xp<^r impnt al and thporptical 

curvo of — against V^, As is snrn from oq^uation (27), 

only th'"^ wr-ight assists in tlm fall of tho body, th^ 
othnr forc^^s p^xercising a rosistanc^ to thn motion. 
First to "b*^ c ons idpr is what happens at small initial 
vplociti-'S of impact Vq. Sinc<^ tho velocity boforp thp 
start of impact is assumed small, thp third tprm of the 
equation kV^ will not havp a largp valup whiln thp 
weight (lig) do<^s not dr-p^nd on thp vrlocity and its pro- 
portional pffpct in thp po^uation will bp vpry largp. Thp 
w.-^ight incrpasps thp vplocity aftpr impact V; hpncp for 
small initial vplocitips Vq thp ratio V/V^ should bp 
gr^-atpr than thp valup that would bp obtainpd from thp 

7 1 „ 

comT^utation according to thp formula ^- = 

hydrostatic prpssurp "YSh is a sufficipntly small valup 
and dop-s not apprpciably affpct tha forcp balancp, 

Thp abovp analysis pxolains to a considorablp pxtpnt 
tho pxpprimpntal rpsults obtained. As has already bppn 
pointpd out, for small vplocitips up to 2* 3 mptprs 

ppr spcond, thp pxpprimpntal valups of "^/"^q incrpasp and 
bpcomp largpr than thp corr ^spending thporptical valups 
of V/V^ (fig* 7). If thp vplocity bpforp Impact Vq is 
largp , thp vplocity aft^r impact has a rplativply largp 
valup and hpncp also thp watpr rpsistancp kV^ in thp 
forcp pq^uation has a considprablp valup. Thp wpight Hg , 
as has bppn point ed out, dop s not dpppnd on thp vplocity, 
so that its proportional rffpct in pquation (27) dpcrpasps 
as thp trrm kV^ incrpasps. In othpr words, with incrpasp 
in thp forcp at thn start of impact thprp is an incrpasp 
in thp rptarding pffpct of t ho watpr and thprpforp a dp- 
crpasp in thp vplocity aftpr impact, so that thprp is a 
dpcrpasp in thp ratio V/V^. It is also clpr^r from figurp 
7 that starting with thp vplocity ? 3 mptprs ppr spc- 

ond thp tpst curvps of V/V^ against drop bplow thp 

corr psponding thporntical curvps , rsppcially for th^ 
wpight G = 15.66 kilograms. 

Thp pffpct of thp wpight of thp body in dpcrpasing 
V/V^ may bp pxplainpd by thp fact that with incrpasp in 
thp mass M thp vplocity of iramprsion of thp body in thp 
watpr irampdiatply aftpr impact incrpasps, which in turn 
brings about an incrpasp in kVs — that is, a retarding of 
thp motion and a dPcrpasp in thp vplocity aftpr impact. 
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If th^ changp in velocity is consid<^rpd according 
to th^ theory of a rigid body, thp graph of th*=sp v^loc- 
itlos as a function of th^ tiinp would havn thp app^^arancp 
of thp full curv^ in figurr 8, Actually, howr^Vf^r (for 
largp initial vplocitif^s ^0^*^^ taking account of th^ 
tprm kV2 thp vr-locity changp oTstainod is that shown "by 
th^-^ dottpd curvp (and thp velocity aft^r impact is not 
^q_ual to V "but to a smaller valu^^ ^s)* 

On thp basis of thp rpcord of thp motion of th^ 
disk on impact and thp high-spppd photograph of thp fall 
of th^ disk on th«^ watpi* it may conclud'=^d that thp 
process of impact doos not ^nd at th^^ instant thp disk 
mak^s contact with thp surfac'=» of thp wat^r as is assumpd 
in thp theoretical computation (not taking account of thp 
pffoct of kV^ and Mg) but sompwhat lat^r - that is » 
aftpr thp disk has bppn imjiiorspd in thp watpr to somp 
dr^pth. By thp «nd of thp impact process is m^-^ant that 
instant at which tho change in velocity b-'=*com«s v^ry 
slight, Thp pff^ct of th^ watpr rpsistancp kV^ on th<> 
valun of thp velocity aftpr impact V dpppnds on thp 
procpss of immprsion of thp disk, th^ motion of thp body 
bping givpn by pquation (27). 

To chpck thp offnct of thp diff^r^^nt forcps ^^ntpring 
th^ pqtiation if motion on th^ velocity, thp chang*^ in thp 
velocity ratio as a function of thp initial vplocity for 
various combinations of th^s^ forcps (th^ trrms of thp 
pquation) was computpd. (S^p figs. 9 and 10.) 

In computing th^-^ vplocity aftpr impact V2 it was 

assurnod that thp initial vol-^city = . Th^^^ dura- 

^1 1 + |j» 

tion of thr^ impact on thp basis of thp tpst curvps was 
chosen as nq^ual to 1.5 tiiiips th^ cut — off intprval At, 
sinc*^, judging by thpsp curvps, thp process of rapid 
changp in vplocity occurs within onn to two intprvals At, 

Th^ changp in as a function of was com— 

putpd for six combinations of th^ acting forcps for 
At = constant = 0.016 spcond. (Sp^ figs. 9 and 10.) Prom 
curvps I and II (fig. 9) it follows that thp hydrostatic 
forc<^s havp a small ^ffpct on th-^ valup of thp ratio V/Vq, 
As may bp sppn from figurps 9 and 10, all thp curvps ob- 
tainpd in taking account of thp weight Mg for small 
initial impact vplocitips pass abovp the straight linp 

= ? — , Jor largp vplocitips with the rpsistanc<^ kV 

1 + 
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tak^n intoaccount all th^ curvpB pass bplov this straight 
lin^. Th^ tost points for t h'- disk of wpight G- = 8.1 
kilograms lif^s closest to th^ curv^^s o"btain^^d from thp 
-•quat ions 

ii — = I'i^: — kV* and ri — = Mg — kV*^ — m — 
dt dt dt 

For th.-^ wpight G- = 15.66 kilograns th^ t^st points fall 
almost (^xactly on th'-^ curvo oxpmss'^d by th^ equation 
dV 

M ~ = lis: — kV^* As has b^^^n not/^-d, all th^ curves arr> 

construct'^d for t ho tirn^ intorval 3/2 At = 0,016 second. 
If thf> computation interval is tak^n loss than 0*016 s-^c— 
ond , all thf^ thr^or^tical curves approach nach oth^r and 
d'^viat'^ from tho tr>st points. 

If it is assuin.'^-d that th^^ motion of th^ disk on impact 

dV a dV 

IS rxprossf^d by th<-- equation H — = Kg — kV — m — , th^ 

dt dt 
v.'^locity of iminf^rsion of th^ body as a function of th^^ 
d^^pth of iniiiiPrsion may b'^ r rpr ps^nt-^^d in th'^ form 

^29 ^ 1 + f ^ 

(28) 




whor « 



^ _ CGpSh 
Mi""* 



^ 1 + H 



h df^pth of iminnrsion 



vp^locity aftnr impact (without taking account of t hr» 
^. tr^rm kV^) 

On thf^ oth^r hand, if thf^ velocity of th^ body V is 
known, its d<=»pth of im:fi<^rsion can b^ dptf^rmin^d: 



h =./ ± (29) 
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Taking thp t^st values of t velocity aft-^r impact 
V and 'b'^foro impact and computing V^^ "by tho 

formula V = yields th« corresponding df»pths of 

^ 1 + M» 

iiaranrsion of tho body on in:pact. Thus, for oxamplo, 
th^r<=^ is obtainod in th^^ disk tpsts for - 2.18 m^t^^rs 

ppr s<=cond and Vq = 5.89 mptors p?^r second th^ valup 
V^^ = 2,53 and thr^ depth of iuoiersicn' h = 0.046 ojoter - 
that is, thp iiripact r^ndpd aft^r th^ body was immprsed 46 
uilliinotnrs in th^ water, Mpasur <^inpnt on the film of th^ 
distance between th* last stroke corresponding to the 
motion of the body in the air and the stroke corresponding 
to th<^ start of motion of the disk in the water (the im- 
pact interval) gave the depth of immersion h = 40 milli- 
meters, a result which confirms the above computations. 

From the pxprpssi'^n for the velocity (obtained from 

the equation of motion H ^ = - kV^ - m ~ 

dt dt 

HV (1 + n) 

V = 1 (30) 

ktV^^ + H(l + ^) 

th^ duration of the impact is found 

M(l + ^) (V^ - V) 
t (31) 

l^^^^o, 

For the initial impact velocity of the disk = 
5.8 9 n.eters per second the duration of thp impact t = 
0.019 second; this time interval is close to that chosen 
in our computations. 

In conclusion, it may be stated that by taking into 
account the r-^sistance kV^ and the weight Mg the thp — 
oretical computation of the velocity ratio V/V^ may bp 
made to agreo more closely with thp pxperimental results 
obtained . 
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TESTS Oil STBAIGHT V SHAPES (WEDGES) 

Thr^ trusts on WAdg^s wf'rr^ undertaken with s-^vpral 
o"bjpcts in laind. It was first of all d^^sira'bl^^ to ch^^ck 
wh^^thr^r thr. conclusions drawn froni thp t.-^sts on tho disk 
as regards th^^ n^C'^ssity for taking into a^ccount th-^ 
r'^sistanc^ forc^ kV^ and th*^ wr^ight Mg worp applicaljl 
to gnom'^tric todies having a shapr* siuiilar to th^ steps 
on th*^ "bottoms of spaplanr:^s. A w^^dg'-** niay "b ^ considpr^^d 
such a tody and laay "bp takon to rppmsr^nt a schpoatizf^d 
uod<^l of thn iDottO:-! of t\ s^^aplano float. For a "body of 
this shapn thr* th^oroticr.l «:^thod giv^n V^agn^^r (r^f^^r:^ 
.'-^ncr* 5) is availablr. • 

It v/as n^cnssary t --^ oxplain th-'^ liuits of applica- 
bility of th'^c-'^ c oiaput at i ons for various valu'^s of th'^ 
initial par an-'^t r^r s . In th--^ w^-^dg^^^ t'^sts th^rr. was also 
inV'-^ s t igat nd th-^ pff^ct of th-^ V angl*^ on tho iupact 
y^lociti'-'E rnd th^r^ v/as also ch-^-ck^d th^ nffpct of tho 
kVS and tho Kg torms on th^ vn 1 oc i t y r at i o V/V^ for 
various angl'^s. 

Thr^ choice* of V angl^ is of consider ahl-'^ iiuportancp 
in d-^signing th^ contours of th^ s^aplan.'-^, since a proper 
choice uay assure good landing charf^ct rr is t ics without 
disturlDing thn nor:;ial planing conditions. All tests on 
the w^dgr^s were conducted in accordance with the procedur 
described in section 3 of our present paper. The uinimum 
t i interx'-al At attained in thes-^ tests was equal to 
0.0C166 s^-^cond. The v/edgr» di:::^nsions w^r^: length I = 
1500 iuj.:; width b = SOO ua; height h = 15 mia; V angle 
P = 5^40*. The wpdg'^ was constructed of textolite and 
for greater strength an aluiainuui sheet of 5— 11 iue t ^^r 
thickness was attached to the upper surface. 

According to the statistical data collected in this 
investigation, it nay be esti.:ated that th.^ magnitude 

= f4 landing of a full-scale seaplane fluctuates 

approximately within the liuiits of 0.3 to 3. Correspond- 
ingly the tests on thr> wedge were conducted for the four 
values of M* follows: 

= :^.43; = 2.33; M> = 1 ; ^ = 0.46 8 

From th^ same statistical data it follows that the veloc- 
ities norrriril to th*^ seaplane b ott on in landing fluctuates 
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within thp li.;:its of 2 to 10 ..ir^tors p^r second, (Th^so 
v^lociti-'S aro of fundauontal iaportanC'-^ in tho inpact 
anr' correspond in our tosts to th^s vprtical velocity 
for iup?ct Vq,) If it is assumr^d that thr^ \vidth of hot- 
tou s-^l-^^ctr^d "by us is on thn avoragp on^-fifth as largo 
as thn I, otto..: of th« f ull-s c ^--.l^ aircraft, th^ aaxijnuai 
vr^locitios Vq for th^ uod'^l t<^sts r;.ust \>r of thn ordnr 
of 4 to 5 r.iet'^rs p<^r second. In our w^dgp t*=*sts at vari- 
ous valuf=>s of ^i thn inaxiLiuu initial vr-locitips boforo 
inpact attained appr oxii.a t ly thf» valup of 8 ..inters p^r 
s <^ c 0 n d . 

Thp tpst r<=^sults obtain^^d (tablr 1 and fig. 11) 
indicate that for all values of \i at suall v^lociti^s 
7q thr trsst curves of against Vq abovo th^. 

thooroticrl curv-'^-s (without th^ t'^rus kVs and Kg t^-k<^n 
into account) and conv^rs^^ly for largr^ volociti^s. With 
incrnasn in thn j.iass H of th^ body (corresponding to 
a dpcroasn in M*) thn dnviation bntwnnn thn thnory and 
thn tnsts incrnasns (fig. 12;. Starting fro:.: a valun of 
Vq of thn ordpr of 2 to 3 Lintnrs p'^r second, a slight 
changn in thn ratio ^1^^ with furthnr incr^^asn in thn 
initial velocity -.ay bn notnd* This confir::.s what 

was statf^d in section 2 with regard to thn thnomtical 
consid'srations . 



TABLS 1 



Weight 
G 

(kg) 


As s oc iat e d 

ifi ass 

(kg sec^/a) 


m 

^ = M 


V 1 


Test value, 

V 

T~ 

0 


13.6 


4.76 


3.43 


0.226 


0.22 


20 


4.76 


2.33 


.3 


.27 


47 


4.76 


1.0 


.5 


.418 


97.6 


4.76 


.468 


.684 


.59 



*M = — nass of wedge. 



♦^Values of V/V^ for study portion of curvn = ^ q) * 

0 
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Tho x'-aluos of \x most often occurring in the landing 
of n seaplane fluctuat^^ frofii.0,3 to 1,5 and it is just for 
th'-^Bo va,lur^s of p., Recording to thr- curv^ of figure 12, 
that thr- deviation l-'^'twnrn th--^ p xpe r i rne n t a 1 and theorptica. 
valu'' s of V/V^ is greatest ( jf th^ ord^r of 15 to 20 per 
cent). (A c^'^rtain effect on th^. test valuf^s of V/V^ is 
producr^d tht=> elasticity of the tested hody*) 

The problnni to what extent the theoretical computa- 
tion may "be made to approach more closely the test results 
by taking account of the water resistance kV^ and the 
weight of the hody Mg in the equation of motion now will 
h^ considered. If it is assuraed that from thp start of 
th'-^' . iLippct th*» ;.:otion cf the wedge satisfies the ec^uation 
fc^r the iuaersion of th^ body 

dt dt 

(for the initial conditions t = 0 ; V = Vq , the velocity 
"beforp impact). Then, having constructed the curves of 
V against t and knowing, even approximately, the dura- 
tion of the impact, it is possible to determine the addi- 
tional-drop in velocity during irapact as a result of the 
action of the forces Mg and kV^, On figure 13 curves 
of V against t are drawn for the initial velocity of 
impact ( i miuer s i on ) = 5 meters per second and various 

weights of the wedge G and v^ilu^s of p.. With the aid 
of thesp curves it is possible to comput-^ the velocity 
ratij during impact with the additional drop in velocity 
taken into account. 

As an exaraplp , ir-t us ee^unie an initial velocity b^^*- 
fjv-^ imr>act =s 5 meters per second (for a w^dge of 

weight G = 20 kg), Th'-- theoretical value, of the ratio 

f.r th^ given, cas^^ is ^ = (without the corrections) 

and th'-^ velocity after inpf^ct (theoretical) is th^n 
7 = 5 X O.o = 1,5 meters per second. Correction to this 
value will be made, account being tak^n of the additional 
drop in velocity. Sincp the duration of the impact com- 
puted by the f ormula 



2h2 

t =: 
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f jr th^-^ pxarnpl-^ ^ivon is oqual appr oxiiiiat f^ly to 0.0041 
second, th^*^ drop in velucity cur ing iiiirri(^ r s i on must "be 
taken f or the saino'tiin<« intorval . At which from the 
graphs i^ive^z AV = 0.4 meter p^r second. The velocity- 
after ii^pfict is therefore = V - AY = 1,5 - 0»4 = 
1,1 iaf*'ters per second,- and the velocity ratio V^/^o = 
0.34, 

As may he seen fro^a the ahove example "by taking into 
account the terir.? kV2 and Mg , the theoretical values 
of '^/^^■j are made to aj)pr each more clvs^^ly the experi- 
mental values. It should he pointed cut . that the assumed 
correction for the adritional drop in velocity is some- 
what exaggerated since, in the computation, it was 
assumed that the wetted area of the wedc^e during": the 
'^ntire time of irniv.ersion reixiain^'d constant and equal to 
the Tfiaximum value Sj.and this led to a d-ecrease in the 
computed ratio V/V... It should also h'^ n-o^^ed on the 
"basis of the filu recjrd analysis that actually the 
duration of the inpact of the wedge is t^^eater than fol- 
lows from the computation. (Thus,, for example, for the 
velocity Vq = 5 riOters per second the computed value of 
At is 0.0041 second and the experimental 0.005 second.) 
Thie fact serves as additional confirmation of the effect 
Qf the rpsistance on the impact. 

To invest i<.^ato the effect ..f the V angle on the 
impact velocities, three wedges were tested with the fol- 
lowing data: length I 500 mm; width B = 100 mm; and 
V angle p = 5^40 \ 2S \ and 30^. (These dimensions corre- 
spond to 1/3 scale reduction.) The test results (fig. 
14) show that with increase in the Y angle there is an 
increase in the velocity ratio a feet which is 

explained ty t h--^ decrease in the associated mass for 
greater V angles, as also follows from theoretical con— 
siderationsi (See reference 4.) 

The test data and the order of magnitude of the 
deviation between the computed and test results are given 
in table 2. 



TABLE 2 



Wedge 


y angle 


We ight , 

a 

(kg) 




7 _ 1 


7 


(experimental ) 
> 


2 


5*^40' 


3.72 


0.468 


0.684 




0.585 


3 


23° 


3.72 


.415 


.707 




.66 


4 


SO'' 


3.72 


.3 96 


.718 




.705 



26 



NACA Technical Mei^norandum No. 1046 



The gennral character of the three curves of V/V^ 
Ci^ainst Yq is analO£:ous to th^^ curv^ obtained in test- 
ing; ^rfodgf^: 1 and the disk, A considerable deviation of the 
test curve froa the theoretical is obtained for P = 
5^40 a fact which may be explained by the large effect 
of the water resistance kV^ for bodies ^f small V angle 
since the values of Cj) and S entering the coefficient 
k f .^r the case under consideration are large. It Liay 
be generally concluded, however, on the basis of figure 
14, that for large angles (at given M*), the effect of the 
weight Mg and the resistance of the water kV^ is not 
large. Thus, in summary, it may bo said that the results 
obtained previously on the disk tests are confirra^^d for 
tho wedg^ tests. 



IMPACT OK WATER OF A SLOTTED WED&iii AND DISK WITH APEETUHE 



The associated mass coefficient of two plates in 
tandem (reference 22), (fig. 15) is less than the asso- 
ciated mass of a single plate having a width equal to the 
sum of the widths of both plates. In other words. a small 
slot between th<^ plat^^s considerably decreases the coef- 
ficient of associated mass as compared with the value for 
one continuous plate (with the relative slot width p* = 0). 

The associated mass coefficient for two flat plates 
in tandem is expressed by th^ formula 



I 1 



s(k) 



(32) 



(a 3^ ,b 3^ ,a2 fbg are the ccv^rd in^^ tes of the ends of thr^ plate 
(fig. 16)) where ^^(k) and F(k) are the complete ellip- 
tic integrals of the first anr^ the second order and 



- ai ) (bs - bi ) 



Setting 

ag — bj hg — ag 



gives 
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k = 



(1 + p*) (p + q) 



whore 

p* ratio of width cf slot to width of plato 
q rati^' of widths of plates 

F jT th^ associated mass coefficient there is obtained 



>^y = ^*(Pi*q) ~ [(^1 - ai)2 + (bg - ag)^] 



(33) 



where 



(1 + 2p + q)^ - 4 (1 + p)(p + q) 

F(k) 



(34) 



1 + q = 



Tho factor [i 
the platps. ' i'or 



takes into r, ccount the mutual action of 
* == 0 and q = 1, the coefficient 



has a naximun valur^ equal to 2. Figure 16 gives 



curves of 



against p* for constant values of q. 



The value of the associated mass for three plates in 

tandoD was computed by Y. Shupanov (reference 22) • (The 
f ^rtiulas for the associated r:iass are given in the special 
case where the plates are symraetrical ahout the center 
line of the middle plate (fi^^, 1?)«) The associated mass 
per unit length of the three plates is given by the for- 
i.iula 



where 



pTT 



- (c +1) — a ) 

2 



/ 2 2 V 

(c ~ a ) 



(35) 



By introduction of • the magnitude v*, a nondimen— 
sional coefficient expressing the mutual effect of the 
plates on one another, there is obtained the following 
expresion for the associated mass m: 
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n = V* 



(c - b)' 



(36) 



For tho casp of slots "bf^twef^n the platos the coeffi- 
cient V*, anri hence also the associated mass m , eharply 
decrease. Figure 18 shows the change in the coefficient 

"i^* as a function of — and ^. For a = i _ that 



is, in th^= absence of slots - 
c - b 
b 

V* ^ 1. 



b . b 
is equal t c 3 ; f or 



S =: 0 



and 



« 1 ~ that is, f jr two wid'^ly separated plates — 



Thfi results of thr^ drop tests of a slotted v/edc:o jn 
water are presented below. The slotted wedge was i^iade 
up of three plates separated 15 millimeters from on^ an- 
other. The over-all width of the slots constituted 10 
percent of the width of the wed^^e. The dimensions of the 
wedf;e w^re the following (fi^rs. 19 and 20): len^^th 
L = 1.5 m; over-all width b = 0.3 3; cuter V angle p = 
5'^40^; width of each part ^f wedge 90 mm; height of wedge 
h = 0.015 m. The indivif^ual plates of the wedgp (made jf 
beech) were cc^nnected by means of an aluminum plate of 
5 millimeters thickness • 0v»-=r the slots in the metal plate 
round apertures of 15 millimeters diameter wre cut out, 
spQced 5 millimeter s ,fr >m each ^ther. In its over-all 
"'imensions the slotted wedge corresponded tj the previ- 
ously tested continuous wedge ^ a fact which, tak«n together 
with th^ identical test weights of both wedges made it 
pjssibl^ to e«timate the effect .f the slots on the impact 
vel:,cities« 



With th^ aid .f formula (35) the associated mass of 
the slotted w<^dge was computed and in the value obtained 
corrections were made for th^^ finiteness of the span and 



the V angle as in th.-^ cas''^ :.f the continuous 
assciated mass per unit length of the three 



m 



-2 



F 



we dge . 
plat e 5 



0 



The 



21 k 
2' 



k" = 0.923; k = sin 9 = 0.9607} 9 = 73'^44'; 



S ^|.k^ = 1.08662; 



2.69314; 



^ = 1. 



2734 



NACA Technical Meaorandun Nj, 1046 



29 



whence 
m =■ 1. 91 
s ince 
I = 1,5 

The corrected associated mass is 

v/here 

ii = 0.98 the correction for the V angle 
ts = 0.903 the correction for finite span 
= 1.69 

The test on the slotted wedge was conducted for two 
weights 12.53 and = 13.6 kilograias. For these 

weights, according to the computed value of the associated 
mass, the velocity ratio is given "by the following figures 

= 13.6 kg; Gg = 12.52 kg; 




= 1.22; 



v., 

7 -~ ^ ~ = 0.450 Y^; 

1+ia 2.201 

For th^-^ continuous wedge for 
sponding computation gives 




= 1.309 



V = — = ~ = 0.433 

l+)i 2.309 

th^ saiae loads the corre — 



V = 0.226 (for G = 13.6 kg) 

and 

V = 0.212 (for G = 12.52 kg) 

FroiXi the above rosults it is seen that the velocity 
ratio -for th--^- case of the slotted wedge (with the slot 
diraensions given ahove) is about twice as large as f or 
the continuous wedgo. 
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trtst prccedurp for th^ two wodges was identical. 
Thp minisiua tiup intervals At fixed on the photographic 
filu was equal to 0.0111 second for G = 12.52 kilograms 
an.' 0.016 second for G = 13 . 6 kilogran. 

The test results (fi^:. 21) showed that the velocity 
ratio V/V^ for the slotted wedge was not actually 
twice as large as for the c ont inuous we dge , as was ob- 
tained from the ccnputation. At large initial impact 
V'^lociticB (V,^ from 3.6 to 6 m/sec) the value uf the 
velocity ratio for the slotted wedge was greater than 
that for the continuous wedge hy appr oxi/..ately 10 per- 
cfint, while at small initial velocities it was greater bv 
"0 percent. ' 

The obtained deviation between the computed velocity 
values (according to ¥agner) for the slotted wedge and the 
test results may be explained evidently by the fact that 
with the method used no account was taken of the resist- 
ance of the water on iinmer s i on of the body which to a 
large extent depends on the velocity. 

As all our previous impact tests have shown the 
velocities before and after iapact are not determined by 
V , 

the ratio = (according to Wagner). In other 

» Q X + |i 

words, although the associated mass for t h-- slotted wedge 
is half as large as that for the continuous wed^-e (accord- 
ing to the theory), the velocity ratio does not^become 
twice as large because with decreased associated mass 
there is an increase in the velocity of immersion and 
hence an increase in the resistance of the water kV^ - 
that is, an additional decrease in the velocity after 
impact and the ratio V/V^. In fact. even a rough cor- 
rection for the effect of the water resistance improves 
the agreement between theory and experiment. As an ex- 
ample, consider the case of impact of a slotted wedge 
(cf weight 6 = 13.6 kg) with initial velocity = 
5 meters per second. The velocity ratio, according to 
V 1 

the formula -- » for the given case is equal to 

0.454; hence the velocity after impact is equal to 
J = 0.454 X 5 = 2.27 meters per second. The correction 
for the water resistance after an interval At = 0.005 
second is. according to the curve (fig. 13, n = 1.203), 
equal to AV = 0,95 meter per second. By application 
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of trxis correction a nnw value is ottained for th^ veloc- 
ity aftPr impact = V - AV = 2,27 - 0. 95 = 1*32 meters 
per second and for tho velocity ratio Vg/V^ = 0.264. 
According to th^ test value of / ^ j f ^r = 5 meters 
per second is 0.227. Notwithstanding' the rough assump- 
tions made, it is evident from the example £:iven that 
the applied corrections bring th^ theoretical computa- 
tions in closer agreement with the test results* 

For additional checking of the results obtained with 
the slotted wedge special tests were conducted to deter- 
mine the associated mass of the wedge. The direct d'^ter — 
rninetion of th<^ associated mass is possible vrith the aid 
of th'^- Pabst xuethod ty which the associated mass can "be 
found from the oscillation period of the "body in the 
water and in air. (See references 20 and 21.) 

The test setup (fig. 22) was first checked "by testing 
on it the continuous wedge for which an exact foriiiula of 

the associated mass is available = ^ p ly. The 

tested plate was of aluminuia of length 1 = 250 lara; width 
B = 50 ma; weight G = 126.8 g; and thickness h = 3 mm* 
The edges of the plate were rounded. 

A comparison cf the computed with the test results 

gives the f ollowin<^^ figures: m. x = 0.045 and m = 

test comp 

0.0454 (in the computed vp.lu<^- a correction was applied 

for the finite* span). The "results indicate good operation 

of the test setup. 

Tho vDlue of the associated mass of the slotted 
plates v;as checked for three models. (See fig. 23.) All 
plates were of the same length I = 250 millimeters and 
the same over— all width B = 50 millimeters. (By over-all 
width is meant the total wirnh of two component plates 
plus slot.) Onr^ ^f the plates hhd a slot of width 4 
millimeters (10 percent of the total area), another 16.5 
millimeters (33.3 percent), and the third 1,2 millimeters 
(2.4 percent). 

The results .f the tests with the slotted plates ■ 
(tabl-^ 3) gave very good agreement with the test velues 
of th'^ associated mass obtained by the formulas of .L. 
Sedov (m = I ) . * . 
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TABLE 3 



TiiST RESULTS FOR DSTfiRMINAT I ON OF ASSOCIATiSD MASS Of PLATES 



Plate 


Width 
of slot 
(rac) 


Weif:lit 
of plate 
(g) 


Ass 00 late d 
mass-, n 

\ ° y 


C omputed 
as s 00 iated 
mass , ra 

V n y 


1 


0 


126.75 


0.045 


0.O454 






89.2 


.0254 


.0276 




5 


112.5 


.0235 


.0211 


4 


16.5 


76 .62 


.01095 


.01063 



Thus the -tests on thp slotted wedges entirely con- 
firmed "both the theoretical prediction :f a decrease of 
the associated .^ass in thr- presence of a slot and the 
assumption that the decrease in associated laass does not 
strongly affect the impact velocity ratio caused by the 
additional effect of the v/ater resistance. It is thus seen 
that the computation of the irapact the Wagner theory 
r'oes not corresponc"! t o^ the true conditions in a number of 
cases , 

In addition to the slotted wedge tests there were 
also tested a solid disk of d.iaiaeter D = 120 rai 11 ime t er s 
and th^- sane c'iarrieter d.isk with round aperture diameter 
d = 26.4 millimeters (the area of the aperture being 5 
percent of th^^ total disk area). The obtained, experimen- 
tal value of the associated inass for the solid disk 
alnost agreed with the computed value (m = 4/3 pr^), 
while for the disk with aperture, since no theoretical 
value for its associated mass is available, a correspond- 
in/^ comparison with experimental results could not be 
made. Judging, however, by the results of the experi— 
raents, it may be said (table 4) that the presence of an 
aperture of 5 percent of the disk area decreased the 
associated mass by 23 percent. 
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TASLS 4 



0"bject tester'. 


We icht 
(ir/g) 


T p s t V a 1 u R of 
associated ;.iass 

/kg sec^ \ 

^ m y 


The or e t leal 
value of 
ass oc iat e d raase 




87 


0.05 80 


0.0586 


Disk with 








aperture . . 


63.5 


.044 9, 





A similar disk (total di.nin^ter D = 500 msi; c^iam— 
r^tor of aperture 6 = 110 mm) also was tested "by the rirop 
method descrihed. (See section 3.) The results of these 
tests did not show any considerahl- changes in the veloc- 
ities teforo and after impact as compared with the solid 
fUsk descrilDed in section 4. (See f i^. 24.) 

C01."CLUS lOEf 

On the "basis of the results obtained, the following 
conclusions :iiay be drawn: 

1. The landing on water of a frv-ely falling "body is 
.-^eterjninod "by tv/o nondii:.e ns i onal coefficients: namely, 
the Froude nuj:i"ber and the mass cjofficient. ^ or the case 
of a snaplanp landing on water the impact phenomenon is 
deterniined by only the xaas s coefficient. 

2. The results obtained in computing the impact by th- 
method jf War-ner ^rive a disat::reement between the computed 
and the test results in a number jf cases. The added cor- 
rection in the equation of motion for the weight cf the 
body Mg , the hyr!rostatic forces YSh, and the resistance 
cf the water kV*^ c ons ir'erably improves the agreement of 
the theory with the test results. 

3. An increase in the anf?:le of a V shape (within the 
ran£:e of 5'^ to 30^^) considerably decreases the velocity 
change on iiapact. 



Translation by S. iieiss, 
National Advisory Committee 
for Aeronautics. 



34 



NACA Technical Menoranduii TS j . 1046 



1. Sedov, L.; Outline of the Theory of Inpact in the 

Landing cf a Seaplane. Technika Vczdushnogj Plota, 
no, 10, 1933, pp. 120-124. 

2. Sedov, L. : On the Impact of a S^lid B jdy on the Sur- 

face of an Inccrapr^'^s sibo Liquid. CAHI Hep^ H«j> 
187. 1934. 

3. Laml) , H.: Hydr odyna::ii c s . Cambridge Univ., (6th ed.) 

XV, 1932, p. 738. 

4. Anon.: Collection jf Articles on the Problems of 

Impact on the Surface of Water. CAHI Rep. No. 
152, 1935. 

5. Wa^cn^^r , Herbert: Ubor Stoss— und Gle i t v or gan^e an 

den Oberflachen v.vn F liis s igke i ten . Z.f.a.M.M., 
vul. XII, n.. ^1, pp. 193-215. 

6. Wagner, Herbert: Landing- .'f Seaplanes. T.M. Ho. 

622, NACA, 1931. 

7. Anon.: Reference Bock for the Airplane Constructor, 

vol. II, pp. 3 0-50 » "Impact on Water." (Russian) 

8. Abr amovi ch , I. P., and Povitskii, A. S,: Imuersion 

in the Landing: of Seaplanes. CAHI Tech. Notes No. 
132, 1936. 

9. Por'sevalov, N. N.: Pressure on the^Bottom of Seaplane 

Floats. TrchnikEJ Vo zdushn ogo Fl ota , no. 8-9, 1931, 
pp. 532-543 » . . 

10. Por^eevalov, N. IT.: Pressure on the Bottom of Sea- 

plane Floats. Technika Vo26ushnogo Flota, no. 4, 
1933, pp. 1^26. 

11. Pabst, W.: Landing lupact .f Seaplanes. T.H. ITo. 624, 

NACa. 1931. 

12. Thompson, F. L.: Wator-Pr e e sure Distribution on a 

Seaplane Float. Hep. No. 290, NACA, 1928. 

13. Thompson, F. L.: Water Prps sure Distribution on a 

Twin Float Seaplane. Rep. No. 328, NACA, 1929. 



NACA Technical Menurandum Uo. 1046 



35 



14. ThDiupson, F. L.: Water Pressure Di's tr ibut i on on' a 

Flying Boat Hull. R^p, No. 346, HACA , 1930. 

15. Jones, B, T,, and Davies, W. H. : Measurement of 

Water PresGure on the Hull of a Boat Seaplane. 
M. 1-Jo. 1628, British A. E.G., 1935. 

16. Jonos, S, T. , Douglas, Stafford, C. E,, and 

Cushin^:, R. K.: Measureinr- nts of Acco l(?r at i on an-^ 
Water Pressure on a Seaplane when Dropped into 
Water. H.&M. No. 1807. 1937. 

17. Po^^sevalov, N. N. ; Experimental Investigation of 

Landing Pressures on the Bottoiri of a Seaplane. 
Soviet Conf. on Hydrodyn., Dec. 23-27, 1933. 
1935, pp. 44--61. 

18. Povitskii, A. S,: Landin^^ of Seaplanes. CAHI Rep, 

No. 423, 1939. 

19. Watanaoe , S.; liesistanco of Iiapact on Water Surface. 

Scien. Papers of the Inst, of Phys . and Chem. Hes. 
(Tok^^o), vol. 12, nj. 226. 

20. Pahst, W.: Theory of the Landin£: Irapact of Seaplanes. 

T.M. No. 5 80, NACA, 1930. 

21. Pjvitskii, A. S.: Sxpf= r iuent al Inve s t i^:at i on 

lii-pact on Models. CAHI, 1936. (Unpuh . rep.) 

22. Sod:v, L. I.: On the Probleuis of Thin Multiplanes 

in Tpndem and of Planing on Several Steps. CAHI 
Pwep. No. 325, 1937. 

23. Shusiipanov, V, F.: Inpact of Three Plates on the Sur- 

face of Water. CAHI, 1936. (Unpub. rep.) 

24. P.'Vitskii, A. S.: Simple Theory of Impact in Landing. 

S:viet Conf. on Hydrodyn., Dec. 23-27, 1933. 1955, 
pp. 15-43. 



NACA Teclxnical ifemorandiM No. 1046 




t m 0.388 sec 

Figure 1.- Pictures of drop of wedge on water. 
Height of drop, H « 1 m. 
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Fig. 2 




Figure 2.- Pictures of drop of disk on water. 
Height of drop, H ■ 1 m. 




Figure 5.- Record of motion of "body falling on water. 
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Figure 6.- Typical diagram of distance traversed ty body in falling' 
on water (obtained from film readings) . 
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Figs. 4,19, 




Figure 4."- General view of wedge tested. 




Figure 19#"" General view of slotted wedge tested. 




Figure 20 
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Figs. 7,8,9 



.5 



.Theoretical I VpjG=15,66kg V=0,429 Vq 
values ! ^ikg V=0.281 




7 Vo m/ sec 



Test points * / 

Figure 7.- Experimental and theoretical curves 

of ratio v/v^ against Vq obtained 
in tests on disks of various weights. 



At 

Figure 8.- Curve of change 

of velocity of 
drop [v=f(t)]with and with- 
out the resistance of the 
water (kV^) taken into 
account. 



1.0 



.9 



Theoretical curve Vg^ — ^=0,429 




W • O.W f, 

Figure 9.- Theoretical curves of velocity ratio v/Vq 

against Vq (for the time interval = 0.016 
sec) with account taken of the various forces acting on 
an immersed disk of weight G = 15.66 kg. 



7,0 Vcm/sec 



MCA Technical Memorandum No. 1046 



Figs. 10,11 
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Theoretical curve V2-_Z2=0,281 V^, 
Test points (G=8,l kg) 
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...^ 3,0 4.0 0.0 5.0 7.0 VQin/sec 

JigTore 10.- Theoretical curves of v/Vq against Vo(for time interval At = 

0.016 sec) with account taken of the various forces acting 
on an immersed disk of weight G = S.l kg. 
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Figure 11.- Experimental and theoretical curves of v/v^ against Vq obtain 
-ed in testing a v/edge for various values of jj,. 
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Pigs. 12,13 



^ O Test 




Figure 12.- Experimental ani theoretical curves of v/Vq against |j, for 
a wedge of angle 6 =^ 5^40 




Figure 13.- 



Curves of velocities of iininersion of a v/edge [v=f (t)] with 
account taken of the resistance kV^ and the weight Mg, 
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Pigs, 14,15,16 




6 Vom/sec 

Figure 14.- Experimental and theoretical curves of V/v* against for 
wedges of various^ angles, ° 
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Figure 15.- Curves of p,* against relative slot 
width p*. 



NACA Technical Memoranduiri iio.1046 



Figs. 17.18,21,24 
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Figure 18.- Curve of against c-t/b for various 
values of a/b. 
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* Continuous wedge 
o Slotted welge 
,G - 13,6 ]£o: 



Figure 21. 
wedges. 
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Experimental curves of v/v^ against 
obtained for continuous and slotted 
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Fi;y'.3.re ?4,- "iirperimental curves of v/Vq a^.:ainst ?q obtained 
for solid dislr and disk with aperture. 
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Figa. 22, 




